ABSTRACT: As an essential constituent of the outer membrane of Gram-negative bacteria, lipopolysaccharide contributes significantly to virulence and antibiotic resistance. The lipopolysaccharide biosynthetic pathway therefore serves as a promising therapeutic target for antivirulence drugs and antibiotic adjuvants. Here we report the structural−functional studies of D-glycero-β-D-manno-heptose 7-phosphate kinase (HldA), an absolutely conserved enzyme in this pathway, from Burkholderia cenocepacia. HldA is structurally similar to members of the PfkB carbohydrate kinase family and appears to catalyze heptose phosphorylation via an in-line mechanism mediated mainly by a conserved aspartate, Asp270. Moreover, we report the structures of HldA in complex with two potent inhibitors in which both inhibitors adopt a folded conformation and occupy the nucleotidebinding sites. Together, these results provide important insight into the mechanism of HldA-catalyzed heptose phosphorylation and necessary information for further development of HldA inhibitors.
■ INTRODUCTION
Antibiotic resistance, one of the most pressing problems in the management of infectious diseases, is causing a crisis in the health-care sector. Multidrug resistance (MDR) has been rapidly evolving in bacterial species commonly associated with infections in hospitals and communities, as a consequence of vertical gene transfer within each species and horizontal gene transfer among different species. 1 While MDR in Gram-positive bacteria (e.g., Staphylococcus aureus, Enterococcus faecium) has been receiving much attention from the pharmaceutical sector, efforts for overcoming that in Gram-negative bacteria (e.g., Burkholderia cenocepacia, Pseudomonas aeruginosa, Escherichia coli) have been limited, despite the fact that many of the latter bacteria are wellknown for being among the most common and the most dangerous opportunistic pathogens to immunocompromised individuals such as cystic fibrosis patients and that the efficacy of currently available antibiotics in combating these bacteria has been declining. New therapeutic strategies and new antibiotics are urgently needed in confronting the problem of MDR. 2 A variety of physiological processes in bacteria have been identified as targets for new antibacterial therapeutics; for example, peptidoglycan biosynthesis, drug efflux, and DNA topoisomerization. 3−6 The defining characteristic of Gram-negative bacteria is the presence of an outer membrane, an asymmetric lipid bilayer whose outer leaflet is mainly composed of lipopolysaccharide (LPS). LPS forms a dense mesh and helps to anchor proteins in the outer membrane. On one hand, this maintains the structural integrity of the outer membrane, which is essential for adhesion to host cells and interaction with host immune effectors including serum components. This implicates LPS as a key virulence factor. 7 On the other hand, the dense hydrophilic mesh of LPS renders the outer membrane impermeable to hydrophobic molecules, which include many currently available antibiotics such as macrolides. 8 LPS comprises lipid A, a core oligosaccharide (OS) and, in some bacterial species, an O-antigen polysaccharide chain. The core OS can be further divided into an inner core region consisting of 2-keto-3-deoxy-D-manno-octosonic acid (KDO) and heptose (prevalently L-α-D-manno-heptose) residues and an outer core region consisting mostly of hexose residues ( Figure 1A ). 9, 10 Lipid A and KDO are indispensable for cell viability and conserved in virtually all Gram-negative bacteria. 11 Their biosynthetic pathways have become targets for the development of traditional antibiotics. 12, 13 Interestingly, mutant cells with minimal LPS (i.e., LPS comprising lipid A and KDO only) are viable but display the so-called deep-rough phenotype. In particular, they exhibit increased sensitivity to hydrophobic molecules owing to the lack of negatively charged groups in the truncated LPS for cross-linking by divalent cations, which disfavors the formation of a dense mesh in the outer membrane. In most species, these negatively charged groups are contributed by phosphorylated heptose residues. 11 ADP-L-glycero-β-D-manno-heptose is a precursor for the biosynthesis of the inner core region of LPS. The pentose phosphate pathway supplies D-sedoheptulose 7-phosphate, which is converted to ADP-L-glycero-β-D-manno-heptose in five steps. Specifically, the second step is a phosphorylation reaction converting D-glycero-β-D-manno-heptose-7-phosphate (M7P) to D-glycero-β-D-manno-heptose 1,7-bisphosphate (GMB), and the fourth step is a nucleotidyl transfer reaction converting D-glycero-β-D-manno-heptose 1-phosphate to ADP-D-glycero-β-D-manno-heptose. 14 In most species (e.g., E. coli, P. aeruginosa, Klebsiella pneumonia), a single bifunctional enzyme, HldE, catalyzes these two steps; but in some others (e.g., B. cenocepacia, Neisseria meningitidis, Neisseria gonorrhoeae), two separate enzymes, HldA and HldC, catalyze the second and the fourth steps, respectively ( Figure 1B ). HldA and HldC are homologous to the N-and the C-terminal domains of HldE, respectively. 15 Previous studies have shown for some of the ADP-L-glycero-β-D-mannoheptose biosynthetic enzymes that deletion or mutation of their corresponding genes leads to the production of heptoseless LPS, resulting in increased bacterial sensitivity to antibiotics and increased susceptibility to lysis mediated by the host complement. 7, 14, 16, 17 It is hypothesized that inhibition of the biosynthesis of ADP-L-glycero-β-D-manno-heptose results in the production of defective LPS, thereby increasing the sensitivity of Gram-negative bacteria to host defense and hydrophobic antibiotics. Absent in human cells, this biosynthetic pathway presents a highly advantageous therapeutic target. Inhibitors of ADP-L-glycero-β-D-manno-heptose biosynthetic enzymes can serve as antibiotic adjuvants, coadministered with currently available antibiotics to enhance their efficacies. Alternatively, these inhibitors could be administered alone to prevent infections in immunocompromised patients. To facilitate structure-based inhibitor design, crystal structures have been determined previously for some of the ADP-L-glycero-β-D-manno-heptose biosynthetic enzymes.
18−22 Here, we report four crystal structures of HldA, one showing simultaneously its enzyme−substrate and enzyme− product complexes (ES/EP) and three showing complexes with two potent inhibitors (1 and 2, Figure 1C ), which were designed using medicinal chemistry from a hit identified by highthroughput screening (that work is reported in the subsequent article, in which inhibitors 1 and 2 are described as compounds 25 and 85, respectively). 23, 24 To our knowledge, these structures are the first ever reported for a heptose kinase, providing valuable insights into the mechanisms of its catalysis and inhibition, which will aid in the development of drugs with antivirulent and membrane-permeabilizing properties. 
■ RESULTS AND DISCUSSION
Crystal Structure of HldA ES/EP (Resolution: 2.60 Å). The amino acid sequence of HldA includes the two signature motifs (the N-terminal Gly-rich motif and the C-terminal GXGD motif) characterizing members of the PfkB carbohydrate kinase family. 25 A search of the Protein Data Bank using the DALI server shows that HldA structurally aligns best with members of the PfkB carbohydrate kinase family (Z-scores mostly higher than 20) despite low sequence identities (below 25%). 26 Each protomer of HldA comprises an α/β core and a protruding twisted β-sheet. The α/β core adopts a variant Rossmann fold, with a twisted nine-stranded β-sheet (β5↑β4↑β1↑β8↑β9↑β10↑ β11↑β12↓β13↑) sandwiched by five α-helices on one face (α4, α5, α6, α7, and α8) and four α-helices on the opposite face (α2, α3, α9, and α10). A short α-helix forms at both the N-(α1) and the C-termini (α11) of each protomer. α1 is located near the N-terminus of β4 and the C-termini of α2 and α9, while α11 is shielded from the β-sheet in the α/β core by α2, α9, and α10. The protruding twisted β-sheet is composed of four β-strands (β3↓ β2↑β6↑β7↓), with β2 and β3 formed in the extended loop connecting β1 to α2, and β6 and β7 in that connecting β5 to α4 (Figure 2A ). The two protomers in the asymmetric unit are related by noncrystallographic 2-fold symmetry, interacting with each other through their protruding twisted β-sheets. Their protruding twisted β-sheets are oriented orthogonally with respect to each other, and the β3 of each protomer has its N-terminus bent to form hydrogen bonds with the β7 of the opposite protomer in a parallel β-sheet fashion. This leads to the formation of a slightly flattened β-barrel with its openings orthogonal to the 2-fold axis (also known as β-clasp, Figure 2B ). 27 A total of 2250 Å 2 of solvent-accessible surface area is buried upon dimerization. The dimer interactions are mainly hydrophobic in nature. Importantly, the ζ-guanidinium group of Arg38 at the C-terminus of β2 of each protomer forms ionic interactions with the side chain carboxylate groups of Asp127 and Glu129 at the C-terminus of β7 of the opposite protomer, while the δ-carboxylate group of Glu42 in the loop connecting β2 to β3 of each protomer forms ionic interactions with the ζ-guanidinium groups of Arg115 in β6 and Arg125 in β7 of the opposite protomer. Superimposition of the two protomers of HldA (based on main-chain atoms) yielded an rmsd of 0.26 Å, indicating that both protomers adopt essentially the same structure and conformation.
For all of the members of the PfkB carbohydrate kinase family whose three-dimensional structures have been determined so far, the active site is located between the α/β core and the protruding twisted β-sheet of each protomer. Interestingly, at the initial stage of structural model refinement, outstanding electron densities were found between the α/β core and the protruding twisted β-sheet in both protomers of HldA. The shapes and the magnitudes of these electron densities strongly indicate that the hydrolyzed ATP analogue and the substrate of HldA, AMP·PN and M7P, bind in this location of protomer A ( Figure 3A) , whereas AMP·PN and GMB (the product of HldA) bind in this location of protomer B ( Figure 3B ). Both M7P and GMB are in the β-pyranose form and in the chair conformation. The GXGD signature motif (Gly267-Ala268-Gly269-Asp270, with Asp270 being putatively central to the catalytic function) forms the N-terminus of α9, located between the nucleotide and the heptose in both protomers.
In both protomers, the nucleotide-binding site is constituted solely by residues from the α/β core. The shapes of the outstanding electron densities clearly indicate that the adenine ring of the nucleotide is in the syn orientation, making van der Waals contacts with the main-chain atoms of Ser240 and Glu241 in the loop connecting β11 to β12 and with the side chains of Ala257, Ala259, Val262, and Val265 in the loop connecting β13 to α9 and Val301 at the C-terminus of α10. The ribose ring of the nucleotide is in the C3′-endo conformation, with its 2′-hydroxyl group hydrogen-bonded to the γ-amide group of Asn294 in α10 and with its 3′-hydroxyl group hydrogen-bonded to the mainchain carbonyl group of Gly243 at the N-terminus of β12. The negative charges of the phosphate groups of the nucleotide are accommodated by the positive ends of the helix dipoles of α7 and α9, with the N-terminus of α7 in a distance of approximately 6 Å from both the α-and the β-phosphate groups and with the N-terminus of α9 in a distance of approximately 3.5 Å from the β-phosphate group. The α-phosphate group forms hydrogen bonds through its oxygen atom O1A with the main-chain NH group of Ser240, through O1A and O2A with the γ-hydroxyl group of Ser240, and through O1A and O3A with the γ-hydroxyl group of Thr238 at the C-terminus of β11. The β-phosphate group forms hydrogen bonds through O1B with the γ-amide group of Asn202 at the N-terminus of α7 and through N3B with the main-chain NH group of Gly269. Residues Asn202 to Glu205 constitute the NXXE motif conserved in many members of the PfkB carbohydrate kinase family. The observed interaction suggests that the asparagine of this motif helps to align the phosphate groups of the nucleotide for the phosphorylation reaction. Interestingly, O2B of the β-phosphate group forms a dative bond with a magnesium ion ( Figure 4 ). The assignment of a magnesium ion instead of a water molecule at this position is strongly supported by the quasi-octahedral coordination geometry exhibited by the side chain carboxylate groups of Asp184 at the C-terminus of β9 and Glu205 at the N-terminus of α7, AMP·PN, GMB (in protomer B), and several water molecules in this region. Studies on ribokinases and adenosine kinases from different species, which belong to the PfkB carbohydrate kinase family as well, have shown that divalent cations (presumably a magnesium ion in vivo) are required for catalysis. Moreover, mutagenesis studies on some other members of this family have shown that the glutamate of the NXXE motif, which corresponds to Glu205 in HldA, is important for the binding of a magnesium ion in the active site. 28 The γ-phosphate group of AMP·PNP could not be located in either protomer because of the lack of electron densities.
In contrast to the nucleotide-binding site, the heptose-binding site in each protomer is constituted by residues from both the α/ β core and the protruding twisted β-sheet and by two residues from the loop connecting β2 to β3 of the opposite protomer. Importantly, in protomer A, the γ-carboxylate group of Asp270A forms a hydrogen bond with the 1-hydroxyl group of M7P. The η-hydroxyl group of Tyr159 forms a hydrogen bond with the 1-hydroxyl group of M7P as well in protomer A and with the phosphoester oxygen atom at position 1 of GMB in protomer B.
In both protomers, the 2-hydroxyl group of the heptose forms hydrogen bonds with the main-chain NH group of Gly59 at the C-terminus of β3, the η-hydroxyl group of Tyr159 and the γ-carboxylate group of Asp270. The 3-hydroxyl group of the heptose forms hydrogen bonds with the γ-carboxylate group of Asp29 in β2 and the main-chain NH group of Gly59, while the 4-hydroxyl group of the heptose forms hydrogen bonds with the γ-carboxylate group of Asp29 and the ζ-guanidinium group of Arg115, the latter of which is positioned by the δ-carboxylate group of Glu42 of the opposite protomer through an ionic interaction. The 6-hydroxyl group of the heptose forms hydrogen bonds with the ζ-guanidinium group of Arg125, which is positioned by the side chain carboxylate groups of Asp127 of the parent protomer and Glu42 of the opposite protomer through ionic interactions. Importantly, the ζ-guanidinium group of Arg125, together with the ε-amine groups of Lys113 at the N-terminus of β6, Lys161 in the loop connecting β8 to α5, and Lys186 in the loop connecting β9 to α6 of the parent protomer, and with the ζ-guanidinium group of Arg38 of the opposite protomer, also forms ionic interactions with the 7-phosphate group of the heptose ( Figure 5 ). This partly accounts for the specificity of HldA for M7P. Through ionic interactions, the ε-amine group of Lys113 is positioned by the side chain carboxylate groups of Asp127 and Glu129; the ε-amine group of Lys161 is positioned by the δ-carboxylate group of Glu129, and the ε-amine group of Lys186 is positioned by the side chain carboxylate groups of Asp184 and Glu205. In protomer B, the 1-phosphate group of GMB was assigned half occupancy during structural model refinement because its less well-defined electron densities suggest that only a limited amount of M7P had been phosphorylated. No significant structural or conformational differences were observed between the two protomers that could account for the binding of M7P in protomer A and GMB in protomer B. Examination of crystal packing did not reveal any relevance with this mode of binding either.
Interestingly, in protomer A, two water molecules were located between the β-phosphate group of AMP·PN and the 1-hydroxyl group of M7P. It is possible that the electron densities of these two water molecules actually belong to two of the oxygen atoms of the dynamically disordered γ-phosphate group of AMP·PNP. On the basis of the positions of these two water molecules, the γ-phosphate group was modeled. The phosphorus atom of the γ-phosphate group of AMP·PNP and the oxygen atom of the 1-hydroxyl group of M7P are aligned head-on at a distance of 3.1 Å ( Figure 6A ). In protomer B, the 1-phosphate group of GMB forms hydrogen bonds through OP1 with the main-chain NH groups of Gly269B and Asp270B and through OP2 with the main-chain NH group of Gly267. OP3 forms a dative bond with the magnesium ion. The distance between N3B of the β-phosphate group of AMP·PN and the phosphorus atom of the 1-phosphate group of GMB is 4.8 Å ( Figure 6B ). These observations together strongly indicate the feasibility of an in-line mechanism, which has been proposed for other members of the PfkB carbohydrate kinase family, being adopted by the HldA-catalyzed phosphorylation. Asp270 of the GXGD signature motif acts as a catalytic base, with its γ-carboxylate group deprotonating the 1-hydroxyl group of M7P. The deprotonatation of the 1-hydroxyl group of M7P favors its oxygen atom performing a nucleophilic attack at the phosphorus atom of the γ-phosphate group of ATP. The GXGD signature motif forms an anion hole at the N-terminus of α9, in which the positive end of the helix dipole of α9 and the hydrogen bonds donated by the main-chain NH groups of the GXGD signature motif, together with the magnesium ion, help to accommodate the additional negative charge in the γ-phosphate group of ATP during the nucleophilic attack, thereby lowering the energy of the transition state. The nucleophilic attack results in the formation of a phosphoester bond between the 1-hydroxyl group of M7P and the γ-phosphate group of ATP and in the dissociation of the phosphodiester bond between the β-and the γ-phosphate groups of ATP, thereby producing GMB and ADP ( Figure 6C) .
Mutagenesis Studies on the in Vivo Activity of HldA. A plasmid encoding the wild-type HldA (pSL3) has been tested previously for its ability to complement the LPS phenotype of a B. cenocepacia ΔhldA mutant strain (RSF39). Upon gel electrophoresis and silver staining, LPS extracted from the parental strain exhibited a ladder-like appearance, indicating the presence of lipid A, complete core OS, and an O-antigen polysaccharide chain with a variable number of saccharide units. RSF39 conjugated with the vector control pSCrhaB2 produced LPS with a truncated (heptoseless) core OS, which migrated as a single band of low molecular weight. In contrast, pSL3 restored in RSF39 the LPS phenotype of the parental strain. 29 On the basis of the structure of HldA ES/EP, seven residues were selected for an assessment of their importance in the in vivo activity of HldA using this method. A plasmid encoding HldA Y159F restored the parental LPS phenotype in RSF39, whereas one encoding HldA D270A showed an LPS profile similar to that of RSF39 carrying the vector control pSCrhaB2. These data support the conclusion that the catalytic residue of HldA is Asp270, not Tyr159. The heptose-binding site of each protomer involves Glu42 of the opposite protomer. A plasmid encoding the E42A variant partially restored the parental LPS phenotype in RSF39, indicating that Glu42 is not absolutely required for the in vivo activity of HldA. This is consistent with the apparent lack of direct participation of Glu42 in the catalytic mechanism of HldA. However, a significant amount of LPS extracted from the conjugated RSF39 consisted of lipid A and a truncated core OS, indicating that Glu42 is a significant contributor to the in vivo activity of HldA. This can be explained by the importance of Glu42 in the formation of a catalytically favorable heptose-binding site: Glu42 of each protomer positions Arg115 and Arg125 of the opposite protomer for interacting with the 4-hydroxyl, the 6-hydroxyl, and the 7-phosphate groups of M7P. These interactions in turn help to position M7P for phosphorylation. Results of the mutagenesis studies did not reflect the importance of Asp184, Lys186, Asn202, and Glu205 suggested by the structure of HldA ES/EP. Plasmids encoding the D184A, the K186A, the N202A, and the E205A variants restored the parental LPS phenotype in RSF39 similarly as pSL3 did. Possibly, the functional effects of these substitutions are not significant in vivo or are diminished by other residues in proximity ( Figure 7) .
Identification of HldA Inhibitors. We have identified quercetin, piceatannol, and several compounds in the tyrphostin family as HldA inhibitors in a previous screen (unpublished results). These compounds are broad-spectrum kinase inhibitors lacking the selectivity required for serving as leads in drug development. Inhibitors 1 and 2 were optimized using medicinal chemistry from a high-throughput screening hit discovered at MUTABILIS against the N-terminal kinase domain of E.coli HldE; that work is reported in the subsequent article, in which inhibitors 1 and 2 are described as compounds 25 and 85, respectively. 23, 24 Inhibitors 1 and 2 were shown to inhibit B. cenocepacia HldA at IC 50 values of 0.81 and 0.23 μM, respectively.
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Crystal Structures of His 6 -HldA:1, HldA:M7P:1, and HldA:2 (Resolution: 2.60−3.05 Å). The overall structure of HldA is preserved in all of the three HldA−inhibitor complexes. At the initial stage of structural model refinement, outstanding electron densities were found in the nucleotide-binding site of each protomer of these complexes. The shapes and the magnitudes of these electron densities indicate that inhibitor 1 binds in this location of each protomer of His 6 -HldA:1 and HldA:M7P:1 (Figure 8 ) while inhibitor 2 binds in this location of each protomer of HldA:2. Outstanding electron densities were found in the heptose-binding site of each protomer of HldA:M7P:1 as well. Those in protomer A were of sufficient quality to justify the assignment of M7P in the β-pyranose form and in the chair conformation (Figure 8 ), whereas those in protomer B could justify the assignment of only a phosphate ion that corresponds to the 7-phosphate group of M7P.
Both inhibitors 1 and 2 improve their shape complementarity with the nucleotide-binding sites of HldA by adopting a folded conformation, with their phenyltriazine, linker, and benzothiazole moieties roughly corresponding to the adenine, the ribose, and the phosphate moieties of AMP·PN, respectively ( Figure 9A ). However, compared with AMP·PN, these inhibitors penetrate the nucleotide-binding sites more deeply, thereby enhancing their hydrophobic interactions with the protein, which constitute the majority of HldA−inhibitor interactions ( Figure 9B ). These inhibitors make van der Waals contacts with the main-chain atoms of Ser240, Glu241, Gly243, Gly269, and Gly298 and with the side chains of Asn202, Thr238, Met244, Ala257, Ala259, Val262, Val265, Ala268, Val272, Ala297, and Val301. Only two hydrogen bonds were observed between these inhibitors and HldA. N3 of the benzothiazole moiety forms a hydrogen bond with the main-chain NH group of Ser240, while the NH group of the linker moiety forms a hydrogen bond with the β-amide group of Asn294. The carboxylate group of the benzothiazole moiety forms a dipole−dipole interaction with the β-amide group of Asn202 (Figure 10) . Inhibitor 1 has a methoxyl substituent at phenyl C2 and C6, whereas inhibitor 2 has a chloride substituent at the corresponding positions. Nevertheless, no significant differences were observed between these inhibitors in their interactions with HldA. For both inhibitors, one of the substituents protrudes into the solvent, whereas the other interacts with the benzothiazole moiety in a lipophilic (for methoxyl) or a chloride−π (for chloride) manner ( Figure 9A ). Importantly, in protomer A of HldA:M7P:1, no interactions were observed between inhibitor 1 and M7P, indicating that the binding of either ligand does not favor or disfavor that of the other (Figure 10 ). This strongly suggests that inhibitors 1 and 2 do not use the exclusion of M7P as a strategy for inhibiting HldA. Kinetic studies showed that these inhibitors are purely ATP-competitive. 24 The virtually complete reliance of the HldA−inhibitor binding on hydrophobic interactions suggests that the potential of hydrophobic interactions should be fully exploited in the design of new HldA inhibitors. Inhibitors 1 and 2 achieve this by adopting a folded conformation. The shape complementarity could be further improved by adding substituents to some positions of the inhibitor, provided that these substituents would not sterically hinder the folding of the inhibitor or prevent its entry into the nucleotide-binding sites of HldA. On the other hand, the potential of hydrogen-bonding and ionic interactions is evident in HldA ES/ EP. For example, the linker and the benzothiazole moieties of the inhibitor could be redesigned to interact with residues of HldA that form hydrogen bonds with AMP·PN in HldA ES/EP.
■ CONCLUSION
HldA functions as a homodimeric enzyme in which each protomer comprises an α/β core providing the platform for catalytic Figure 7 . LPS profiles. LPS extracted from the wild-type B. cenocepacia strain K56-2 and from the K56-2 ΔhldA mutant (RSF39) conjugated with the vector control pSCrhaB2, with plasmids encoding substitutions of the seven selected residues in HldA (pSL3 site-directed mutants), and with a plasmid encoding the wild-type HldA (pSL3) was separated by gel electrophoresis and stained with silver nitrate. Bands with ladder-like appearance near the top of the gel correspond to LPS molecules with lipid A, a complete core OS, and an O-antigen polysaccharide chain with a variable number of saccharide units. Near the bottom of the gel, the band of higher molecular weight (as seen for K56-2) corresponds to LPS molecules with lipid A and a complete core OS, whereas the band of lower molecular weight (as seen for RSF39) corresponds to LPS molecules with lipid A and a truncated (heptoseless) core OS. activity and a protruding twisted β-sheet mainly involved in dimerization. The nucleotide-binding interactions and the heptose-binding interactions of HldA share similar properties with their respective counterparts in other proteins. The adenine ring of the nucleotide forms hydrophobic interactions with HldA, while the ribose ring and the phosphate groups of the nucleotide interact with HldA mainly through hydrogen bonding. Heptose binding is mediated mainly by hydrogen bonding as well in HldA. In addition, several positively charged residues, which are positioned by several negatively charged residues of the same and the opposite protomers through a network of ionic interactions, contribute to the specificity of HldA for M7P. Apparently, the HldA-catalyzed phosphorylation adopts the in-line mechanism proposed for other members of the PfkB carbohydrate kinase family as well, in which the transition state is stabilized by a magnesium ion, the anion hole (formed by the GXGD signature motif), and the helix dipole of α9 of HldA. Results of the mutagenesis studies on the in vivo activity of HldA confirm the role of the conserved aspartate, Asp270, as the catalytic residue.
Both inhibitors 1 and 2 bind to the nucleotide-binding sites of HldA without altering the overall structure of the enzyme or interfering with the binding of M7P. Both inhibitors adopt a folded conformation to improve their shape complementarity with the nucleotide-binding sites of HldA and penetrate the sites more deeply than AMP·PN does to enhance their hydrophobic interactions with the enzyme. The HldA−inhibitor interactions are mainly hydrophobic in nature with limited contribution by hydrogen bonding and dipole−dipole interaction. The structures of the HldA−inhibitor complexes provide clues for rational modification of the inhibitors.
Urged by the rapid evolution of MDR, research in bacterial physiology has been very active in identifying targets for new antibacterial therapeutics. 3 Interest has been growing in LPS biosynthesis as a target for the development of antivirulence drugs and antibiotic adjuvants against Gram-negative bacteria. In particular, the biosynthetic pathway of ADP-L-glycero-β-Dmanno-heptose, the precursor for LPS biosynthesis, has recently been gaining attention from the pharmaceutical sector. 2, 23, 24, 30, 31 This work provides essential structural−functional information of HldA, an important enzyme in the biosynthetic pathway of ADP-L-glycero-β-D-manno-heptose, and valuable insight into its catalytic mechanism, thereby supporting medicinal chemists in their design of new HldA inhibitors. In view of the general concern about the lack of selectivity of inhibitors targeting nucleotidebinding sites, it is expected that future attention will be drawn to the pursuit of inhibitors targeting the heptose-binding sites of HldA. 
■ EXPERIMENTAL SECTION
General. All chemicals, unless otherwise specified, were purchased from various commercial sources and used without further purification. M7P was synthesized in-house as previously described. 32 The synthesis of inhibitors 1 and 2 is reported in the Supporting Information of the subsequent article (therein described as compounds 25 and 85, respectively). 24 Both inhibitors display HPLC purity of >95% and have been characterized by 1 H NMR, MS, and crystallographic data. Expression and Purification of HldA. B. cenocepacia hldA gene was cloned into the Gateway pDEST17 vector using the Gateway cloning system (Invitrogen). Chemically competent cells of the E. coli strain BL21(DE3)-T1 R (Sigma) were transformed with pDEST17-hldA, liquid-cultured to an optical density of 0.5 at a wavelength of 600 nm, and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside for 4 h. Cells were harvested by centrifugation at 2392g for 20 min and resuspended in the lysis buffer (50 mM Tris, pH 8.0, 40 mM imidazole, 2.8 mM 2-mercaptoethanol, and 500 mM potassium chloride) with peptidase inhibitors added (2 μM leupeptin, 2 μM pepstatin A, and 2 mM benzamidine hydrochloride). Resuspended cells were lysed using the French press method at a pressure of 1000 psi for 4 times. The lysate was centrifuged at 33152g for 40 min. The supernatant was filtered with Pall Metricel membranes with a pore size of 0.45 μm and loaded onto a HiTrap chelating HP column (GE Healthcare) precharged with 100 mM nickel chloride and pre-equilibrated with the lysis buffer. The column was washed with 30 mM imidazole in the lysis buffer, and elution was with 600 mM imidazole in the lysis buffer, using the AKTA fast protein liquid chromatography system (GE Healthcare). The eluate was passed through a HiPrep 26/10 desalting column (GE Healthcare) preequilibrated with either the crystallization buffer (10 mM Tris, pH 7.5, 170 mM potassium chloride, and 1 mM EDTA, if His 6 -HldA was the desired final product) or the proteolysis buffer (50 mM Tris, pH 8.0, 100 mM potassium chloride, and 500 μM EDTA, if HldA was the desired final product). To yield HldA, the hexahistidine affinity tag of His 6 -HldA was removed by incubation at 25°C for 3 h, with 200 μg of tobacco etch virus peptidase added. The released hexahistidine affinity tag and any other impurities were eliminated by passing the reaction mixture through the desalting and the chelating columns, both preequilibrated with the lysis buffer. The flow-through was passed through the desalting column pre-equilibrated with the crystallization buffer.
X-ray Crystallography. All of the crystals were grown by the hanging-drop vapor diffusion method. Crystals of HldA ES/EP were grown at 20°C for several months. The drop contained 1 μL of the protein solution (0.7 mg/mL HldA, 2.5 mM Tris, pH 7.5, 42.5 mM potassium chloride, 0.25 mM EDTA, 1 mM M7P, 1 mM AMP·PNP, 5 mM magnesium chloride, and 30% 1,6-hexanediol) and 1 μL of the precipitant solution (condition no. 27 of Hampton Research Crystal Screen, 0.2 M sodium citrate, 0.1 M HEPES, pH 7.5, and 20% v/v 2-propanol), while the reservoir contained 500 μL of 1.4 M ammonium sulfate. Crystals of His 6 -HldA:1 were grown at 4°C for 1 month. The drop contained 1 μL of the protein solution (5.0 mg/mL His 6 -HldA, 10 mM Tris, pH 7.5, 170 mM potassium chloride, 1 mM EDTA, 150 μM M7P, and 500 μM inhibitor 1) and 1 μL of the precipitant solution (50 mM HEPES, pH 7.5, 0.05% w/v polyethylene glycol, M r = 400, and 0.5 M ammonium sulfate), while the reservoir contained 500 μL of 1 M ammonium sulfate. Crystals of HldA:M7P:1 were grown at 4°C for 1 month. The drop contained 1 μL of the protein solution (5.0 mg/mL HldA, 10 mM Tris, pH 7.5, 170 mM potassium chloride, 1 mM EDTA, 150 μM M7P, and 500 μM inhibitor 1) and 1 μL of the precipitant solution (0.1 M HEPES, pH 7.5, 10% w/v polyethylene glycol, M r = 10 000, and 4% v/v ethylene glycol), while the reservoir contained 500 μL of 1 M ammonium sulfate. Crystals of HldA:2 were grown in the same conditions as those of His 6 -HldA:1 except that HldA and inhibitor 2 were used instead of His 6 -HldA and inhibitor 1, respectively. For cryoprotection, all of the crystals were kept at 4°C with the reservoir changed to 500 μL of 2 M ammonium sulfate for several days before flash-cooling. All of the X-ray diffraction data were collected at the National Synchrotron Light Source at Brookhaven National Laboratory. All of the data sets were indexed, scaled, and merged using HKL-2000. 33 Initial phases were obtained for HldA ES/EP by the single-wavelength anomalous dispersion method, and for His 6 -HldA:1, HldA:M7P:1, and HldA:2 they were obtained by the molecular replacement method using the structure of HldA ES/EP as the search model. Structural models were built and refined using PHENIX and were manually adjusted when needed during refinement using Coot. 34, 35 The stereochemical quality, the topology, and the interactions (protein−protein, protein−ligand, and protein−metal ion) within each structural model were analyzed using PDBsum. 36 Solvent-accessible surface areas were calculated using AREA-IMOL. 37−39 Graphical representations of the structural models were prepared using PyMOL. 40 LPS Production Assay. The cloning vector pSCrhaB2, a plasmid encoding the wild-type HldA (pSL3), and pSL3 derivatives encoding substitutions of the seven selected residues were transferred to a B. cenocepacia strain K56-2 ΔhldA mutant (RSF39) by triparental conjugation. 17, 29, 41 Exoconjugants were selected for on LB-agar plates containing 100 μg/mL trimethoprim and 50 μg/mL gentamicin. Plasmid transfer was confirmed by PCR. Exoconjugants were grown overnight on LB-agar plates containing 100 μg/mL trimethoprim, with gene expression induced by 0.2% rhamnose. LPS was extracted from the cells, separated by gel electrophoresis, and stained with silver nitrate as previously described. 17, 42, 43 HldA Inhibition Assay. This assay was based on the detection of ATP depletion by luciferase. All chemicals, except M7P and the inhibitors, were purchased from Sigma. The assay buffer (AB) consisted of 50 mM HEPES, pH 7.5, 1 mM manganese(II) chloride, 25 mM potassium chloride, 0.012% Triton-X100, 0.1 μM myelin basic protein, and 1 mM DTT. The inhibitor being examined was dissolved at different concentrations in DMSO/water or DMSO only. Then 3 μL of each inhibitor solution and 28 μL of HldA in AB were mixed in each well of a white polystyrene Costar plate. After preincubation at room temperature for 30 min, 29 μL of the substrate mixture (ATP and M7P in AB) was added to each well to give a total volume of 60 μL. The reaction mixtures had 50 nM HldA, 0.2 μM M7P, 0.2 μM ATP, and different concentrations of the inhibitor being examined in AB. After incubation at room temperature for 30 min, an amount of 200 μL of the revelation mixture (luciferase, D-luciferin and N-acetylcysteamine) was added to give a total volume of 260 μL containing 30 nM luciferase, 30 μM D-luciferin, and 100 μM N-acetylcysteamine. Luminescence intensity was measured on a Luminoskan reader (Thermofisher). Values of percentage inhibition were fitted to a classical equilibrium model with the Hill coefficient, n H , using XLFIT (IDBS): 
